Abstract: The motion of polarizable bioparticles under the action of non-uniform ac electric fields is known as dielectrophoresis. Because submicrometre particles are subjected to Brownian motion, high electric fields are needed to manipulate them. However, these high electric fields give rise to fluid motion, which in turn results in a viscous drag on the particles. The electric fields generate heat, leading to gradients in conductivity, permittivity, and mass density in the fluid. Thee gradients give rise to electrothermal forces and buoyancy. Also non-uniform ac electric fields produce forces on the induced charges in the diffuse double layer on the elecirodes, that results in fluid motion. Here we characterize these flows and their domain of influence.
INTRODUCTION
The use of ac dielectrophoretic forces to control and manipulate particles of micron size in microelectrode structures is a well-established technique [l] . In particular, the dielectrophoretic manipulation of bioparticles such as viruses, cells, DNA is of special interest. It is to he expected that as we downsize the system in order to manipulate suh-micron particles Brownian motion will impose some limitation to this process. However the experiments canied out to set the precise limit to this miniaturisation revealed that the liquid was put in motion, and that this motion was a limiting factor that could be far more important than Brownian motion. It soon became clear that due to the high intensity electric fields involved and the small size of the system it appeared that Joule heating could he important enough to give rise to buoyancy forces and to forces of electrical origin induced by the variation of conductivity and permittivity in the suspending aqueous solution (electrothermal forces) [211, [31. In addition, the geometry of the system imposed a non-zero tangential electric field at the electrode double layers that put the liquid into steady motion. This motion was termed ACelectroosmosis as it is akin to e1ech.o-osmotic flow [4] [SI.
In order to manipulate the particles.it is useful to know how the flows scale with the size of the system, the shape of the electrodes, the magnitude and frequency of the applied ac electric field, and with the conductivity of the solution. Here we present the quantitative results obtained for a simplified system of two infinitely half-plane electrodes a distance I apart, in order to gain a first understanding of these scaling laws. With due precautions these results can he generalised to more complicated microelectrodes shapes by taking into account that different zones may have different characteristic length scales.
NATURE OF THE PROBLEM
Bioparticles, such as viruses (0.05-0.1 pm), bacteria (0.5-1.5 pm), red blood cells (5 pm) or lymphocytes (5-8 pm) are usually in aqueous saline solutions with a conductivity that ranges between lo4 and IO.' Slm. Typical system lengths of microelectrodes (interelectrode gaps) used in the dielectrophoretic manipulation of bioparticles vary from 1 to 500 microns. Applied signals to these electrode structures range from 0 to 20 Volts giving rise to electric fields that can he as high as 5x106 V/m. These a lied signals have frequencies that range between IO2 to 10 Hz.
In our experiments, we have used a simple electrode design consisting of two coplanar rectangular electrodes 2mm long and 500pm wide, with parallel edges separated by a 25 pm gap mounted on a glass substrate. Because the gap is small compared to the length and width of the electrodes most of the relevant physics can he considered two-dimensional [5], [6] , and the analysis is restricted to the 2D cross-section. In order to obtain some numbers, the electric field lines between electrodes are going to be considered semi-circular when needed. In this case, the electric field is E=V/nr ue, where Vis the voltage amplitude of the applied signal and r is the distance to the centre of the gap. The solutions for this simple system can give indications about the relative order of magnitude of the different forces involved, and the different regions of validity of the approximations made.
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Electrical equations
The electromagnetic field in the bulk is governed by Maxwell's equations. Nevertheless, we can neglect the magnetic effects against the electrical ones for microelectrode structures since the energy stored in the magnetic field is much smaller' than the electrical energy. Under these conditions the electromagnetic equations reduce to the quasielectrostatic limit [71. For saline solutions the convection current can he neglected in front of the ohmic current. Assuming that conductivity U and permittivity E are independent on time, the equations that V.E, = O ,
The charge density at order one can he approximated as
We will be mainly concerned with the zero order field, whose electric potential verifies Laplace's equation.
Mechanical equations
The liquid motion is governed by the Navier-Stokes equations for an incompressible fluid. We are interested in the timeaveraged flow. The inertial terms are negligible, as for microsystems, the Reynolds number is usually very small (v<lOOpm/s, k100 pm). Since the mass density of the fluid is almost homogeneous, the Boussineq approximation is valid. Therefore Nahr-Stokes equations reduce to 
Boundary conditions
Electric potential
The electric potential at the surface of the electrodes is fixed by the source. Nevertheless, this is not necessarily the most suitable boundary condition to describe the behaviour of the potential near the electrodes. The reason lies in the presence of a double layer between the metallic surface and the electrolyte, which in our case is of nanometer size. 
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For the upper boundary, we can consider that the points are at the infinity and the electric field and potential vanish at that boundary.
Velocity
In any of the rigid boundaries, the normal velocity vanishes. The tangential velocity, however, can be different from zero on the electrodes. This is due to the presence of the double layer at the electrolyte/electrode interface. The effect of the tangential AC field on the oscillating charges can be modelled as surface stresses that result in a slip velocity given by a generalisation of the Smoluchowsky formula. The time-
average expression for the slip velocity is given by [8][9]
where A$ represents the voltage drop across the double layer and E, the tangential field just outside the double layer. The parameter A is given by 
TempemtUrc?
In the experiments in microelectrodes the boundary conditions for the temperature field are given by the surroundings and it can he very different between experiments. In order to make some calculations, we will consider that the electrodes are at room temperature. Also, the upper and lateral boundaries are going to he considered at room temperature placed at a distance of the order of the total size of the electrodes. In a previous paper [6] we have discussed the differences that Computations using the finite element method for our microelectrode system gave estimations of the maximum velocity [6] of the same order as the previous expression when r is around 50 pm. That was the typical size of the convective roll in the computations. This is a value between the interelectrode gap length (25 pm) and the height of the upper boundary (200 pm).
Joule heating induced buoyancy
The gravitational body force generated by a temperature field as given in (1 1) is An order of magnitude estimate of the ratio between the elechical and gravitational forces gives for the case m/u<<l
For values in microelectrodes of ?= 25pm. E 1 0 volts and the other parameters those for water the ratio is f K / f, -7x104and the gravitational force is negligible in front of the electrical force for microelectrodes. As the typical size of the system is increased the order of magnitude of the gravitational force becomes greater than the electrical force.
The transition is for r around 300 pm. Finite element computations confirm that a transition between buoyancy and electrical convection is obtained for typical size -300 pm. These computations give a typical velocity due to buoyancy of the form
AC electroosmosis
Recent experimental work has shown that the application of an AC electric field to a pair of co-planar microelectrodes generates a steady (non-zero time averaged) fluid flow with a velocity which depends both on the applied potential and frequency [41[51[9] . A simple model based on an array of resistor-capacitor circuits can give reasonable values of the velocity. This model consisted of semicircular resistors bridging one electrode to the other, terminated at either end on an electrode by a capacitor representing the electrical double layer [4] . This model was further refined by taking into account the full linear electrokinetic equations for the double layer and the electrolyte [8] . Using this simple model A@ is given by V 2+ i r r c u r j a (18) A $ = and the slip velocity is then
A typical value of C is &I&, the surface capacitance of the diffuse double layer in the Dehye-Huckel model.
Experimentally, A is around 0.25 for our electrodes made of titanium and a medium conductivity around 0.002 Sui'. For an ideal double layer made of a Stern layer and a diffuse layer, the parameter A decreases with conductivity, since the capacitance of the diffuse layer increases with conductivity.
The velocity as a function of frequency has a maximum, and tends to zero for frequency going to zero or infinity. The maximum velocity is obtained for R=l, that is, for angular frequency for maximum is 00 =(O&)/(EZT). This is several orders of magnitude smaller than the charge relaxation frequency of the liquid U = o l e .
fr4uency U,, = a / ( C z r ) . Taking C = &/AD , the angular
RESULTS AND DISCUSSION
For the following results we will use typical physical quantities for aqueous saline solutions at a temperature of
(1/&)(a&/aT)=-4xlO" K-', (i/p,)(aP,/aT) =-2~10-' K-], k = 0.6 J s-'m 'K-' Figure 1 shows the domains of influence of the different types of flows. The level curves represent the magnitude of the velocity ,field in meters per second (velocities below 0.01pds are considered as undetectable and are represented by a white region in the diagrams). The fEst thing we note is that buoyancy dominates over all other types of flows for large systems. The second important effect is that ac electroosmosis is very important at low frequencies. Only for high fields the electroosmotic velocity is less than the electrothermal one. As we increase the frequency the ac electroosmosis decreases. Also as we increase the conductivity the Joule-heating induced flows, electrothermal and buoyancy, become dominant. 
